The cytokine thrombopoietin (TPO), the ligand for the hematopoietic receptor c-Mpl, acts as a primary regulator of megakaryocytopoiesis and platelet production. We have determined the crystal structure of the receptor-binding domain of human TPO (hTPO 163) to a 2.5-Å resolution by complexation with a neutralizing Fab fragment. The backbone structure of hTPO 163 (1) predicted the existence of a potent, lineage-specific soluble factor, which they called thrombopoietin (TPO), that stimulates megakaryocytopoiesis and platelet production. It was not until 1994 that unequivocal evidence for the existence of this elusive molecule was provided by the nearly simultaneous isolation and cloning of TPO by five independent research groups (2-6). This cytokine has proven to be a primary factor in megakaryocytopoiesis from megakaryocyte colony formation to platelet production and the differentiation and proliferation of progenitor cells of multiple hematopoietic lineages (7). As such, TPO is being investigated for its potential to treat thrombocytopenia resulting from AIDS and chemotherapy and radiation treatments for cancer and leukemia and for the in vivo and ex vivo expansion of hematopoietic stem cells for bone marrow transplantation.
M
ore than 40 years ago Keleman et al. (1) predicted the existence of a potent, lineage-specific soluble factor, which they called thrombopoietin (TPO) , that stimulates megakaryocytopoiesis and platelet production. It was not until 1994 that unequivocal evidence for the existence of this elusive molecule was provided by the nearly simultaneous isolation and cloning of TPO by five independent research groups (2) (3) (4) (5) (6) . This cytokine has proven to be a primary factor in megakaryocytopoiesis from megakaryocyte colony formation to platelet production and the differentiation and proliferation of progenitor cells of multiple hematopoietic lineages (7) . As such, TPO is being investigated for its potential to treat thrombocytopenia resulting from AIDS and chemotherapy and radiation treatments for cancer and leukemia and for the in vivo and ex vivo expansion of hematopoietic stem cells for bone marrow transplantation.
Human TPO (hTPO) is a heavily glycosylated protein with two distinct regions. The 153-residue N-terminal region is homologous to human erythropoietin (EPO) with which it shares 23% sequence identity and is sufficient for receptor binding and signal transduction (2, 3, 8) . The 179-residue C-terminal region has a large number of proline and glycine residues and six N-linked glycosylation sites. Its function is not known, although recent work indicates a role in secretion and protection from proteolysis (9, 10) .
The TPO receptor c-Mpl was first identified as an oncogene of the murine myeloproliferative leukemia virus (11, 12) that was able to immortalize hematopoietic progenitor cells and was later cloned from human and mouse (13, 14) . c-Mpl is expressed in some pluripotent hematopoietic stem cells (15) and in the megakaryocyte lineage from progenitor cells to platelets (16) . It is a class I cytokine receptor of the hematopoietic superfamily of receptors and signals by the JAK͞STAT, Ras, and mitogenactivated protein kinase pathways (17) (18) (19) (20) (21) . Class I hematopoietic receptors bind to their cytokine ligands by Ϸ200-aa Ig-like extracellular domains called cytokine receptor homology (CRH) or hematopoietic receptor domains that contain a distinctive WSXWS sequence motif (13) .
Cytokines possess two distinct interaction sites that bind with differing affinities [high affinity (nanomolar range) and low affinity (micromolar range)] to the same cytokinerecognition surface of the CRH domain. Crystal structures of human EPO and human growth hormone (hGH) in complex with the extracellular CRH domains of their receptors (22, 23) have shown the cytokine-CRH interaction in detail. However, unlike EPO receptor (EPOR) and hGH receptor (hGHR), which have only one CRH domain, c-Mpl belongs to a subset of hematopoietic receptors whose extracellular region contains two CRH domains (24, 25) , each with an WSXWS motif. To determine the tertiary structure of the receptor-binding domain of TPO (hTPO 163 ), an antibody fragment of the TN1-neutralizing IgG was exploited to crystallize hTPO 163 . This approach not only produced diffraction-quality crystals of this cytokine, which has resisted crystallization for many years, but the TN1-Fab provided enough phase information to solve the structure from a single data set. This approach resulted in readily traceable and completely unbiased electron density maps for hTPO 163 . Finally, we have succeeded in determination of the tertiary structure of the important cytokine TPO. Our structural results have been used to interpret previously published functional data on TPO; however, the interaction scheme between the multiple CRH domains of c-Mpl and TPO remains to be fully determined.
Materials and Methods
Materials. The hTPO gene (26) containing the N-terminal region from residues 1 to 163 (hTPO 163 ) was expressed in Escherichia coli and prepared as reported (27) . The TN1-neutralizing IgG (subclass IgG1) was raised against recombinant hTPO (28) and prepared by hybridoma cultivation followed by affinity chromatography with a protein G agarose column (Amersham Pharmacia Biosciences). The TN1-IgG showed half-maximal binding at 0.7 nM against 3.3 pmol of hTPO in ELISAs. In cellproliferation assays, TN1 inhibited hTPO-dependent growth of FDCP-2 cells expressing human c-Mpl by 98%, indicating that binding of TN1 severely disrupted activation of c-Mpl signaling by hTPO (27) . The extracellular region of c-Mpl containing residues 1-450 was obtained from the Pharmaceutical Division of the Kirin Brewery Company.
Structure Determination. Crystals in two different forms were obtained as described (27) by using a nonglycosylated form of hTPO 163 , and the Fab was derived from TN1. Both crystals were extremely sensitive to x-ray exposure, necessitating the use of flash-freezing and synchrotron radiation for data collection. Two complete data sets with the space groups P2 1 and C2 were collected by using synchrotron radiation (Table 1) .
Molecular replacement with AMORE (29) by using coordinates of known Fab structures obtained from the Protein Data Bank (PDB) (30) located four sites in the asymmetric unit for the P2 1 data set, as expected based on specific volume calculations (31) . This solution, with PDB coordinate 1IAI (32), was rigid-body-refined to an R factor of 45.8% with TNT (33) . By using the known relationship between the four Fab molecules, the electron density could be improved by 4-fold averaging. The 2F O ϪF C difference Fourier omit maps spanning the entire molecule were calculated after solvent f lattening, histogram matching, and 4-fold improper noncrystallographic symmetry (NCS) averaging with DM (34) . The TN1-Fab coordinates were rebuilt by using QUANTA98 (Accelrys, San Diego) and refined with restrained NCS averaging to an R factor of 28.5%. The hTPO 163 region was phased by solvent f lattening and histogram matching with A -weighted (35) initial phases from the refined TN1-Fab coordinates followed by NCS averaging by using MAPROT (36) without an averaging mask. A conservative estimate of the solvent content of 25% gave the best results (the calculated value was Ϸ45%). The resulting unbiased density shown in Fig. 1 was easily traced for 115 residues of hTPO 163 , including all four ␣-helices and both ␤-strands. The sequence was assigned by locating the density of the C29OC85 disulfide bond and several aromatic residues. Residues 1-6 and 152-163 could not be distinguished in electron density maps and were omitted from the model. The completed model was refined with REFMAC (37) using NCS restraints, and the data were truncated to 2.9 Å for final refinement by using R factor vs. resolution and A as a guide. Atomic coordinates have been deposited in the Brookhaven Protein Data Bank with PDB ID code 1V7N.
The refined atomic coordinates were used as the initial model for crystallographic refinement in space group C2 data. The arrangement of the molecules in the asymmetric unit was determined with AMORE (28) . The cell dimensions and crystal packing of the P2 1 and C2 crystal forms are in fact nearly identical. A slight disruption of the translational component of the C2 symmetry results in a crystal form with P2 1 symmetry and a doubling of the size of the asymmetric unit. The atomic model in C2 crystal was refined to an R factor of 0.227-2.5 Å resolution by using CNX (Accelrys) and REFMAC (37) . The refinement statistics are summarized in Table 2 . The refined coordinates have also been deposited in the Brookhaven Protein Data Bank with PDB ID code 1V7M.
Affinity of TPO to c-Mpl in the Absence and Presence of TN1-Fab. The association constants were determined by using an MCS titration calorimeter (Microcal Software, Northampton, MA). Of soluble c-Mpl (9.3 M), Ϸ1.5 ml was titrated by 10-l portions of hTPO 163 (143 M) in 50 mM sodium phosphate buffer (pH 6.0) containing 100 mM NaCl at 25°C. Moreover, the same amount of soluble c-Mpl (9.3 M) was titrated by hTPO 163 (120 M) that had been preincubated with the same amount of TN1-Fab to investigate the effect of neutral- Diffraction data of the P21 and C2 forms were collected at the BL6B (Photon Factory) on image plates and at the BL41XU (SPring-8) on a charge-coupled device camera by using 1.00-Å radiation from a single crystal flash-frozen at 100 K with 8% glycerol as cryoprotectant, respectively. Data to 2.8 and 2.5 Å were reduced in space groups P2 1 and C2 by using DENZO͞SCALEPACK (53) . ization. The association constants were determined by analyzing the titration curves with the program ORIGIN (Microcal Software). The end points of titration curves, where the heat signal disappears, directly give us the stoichiometry because the concentration of both samples had already been determined.
Results
Tertiary Structure of TPO. The receptor-binding domain of hTPO is a four-helix bundle with up-up-down-down topology (Fig. 2) . Left-handed crossovers between the A and B and the C and D helices form an antiparallel ␤-sheet (residues 39 -43 and 117-121) that packs against the B and D helices. The A-B crossover forms a small helix BЈ from residues 49 -53. The helical pair interactions are parallel (A͞D and B͞C pairs) with the acute angles between pairs of helices ranging from 11°to 24°. The skew angle between the A͞D and B͞C layers of helix pairs is Ϸ16°. A bend of Ϸ20°is notable in helix D at G137. The C terminus of helix A and the N terminus of helix C are bridged by a disulfide bond between C29 and C85. Another disulfide bond between C7 and C151, which links the N-and C-terminal regions of the four-helix bundle, is essential for biological function (38 -40) .
hTPO possesses the same combination of features from long-chain and short-chain cytokines observed by NMR (41) and crystallography (42) for human EPO. The length and interhelical packing of the four-helix bundle is characteristic of the longchain variety of cytokines, whereas the topology and secondary structure in the crossover loops is characteristic of the shortchain variety. In long-chain cytokines it is characteristic for the A-B crossover to pass over the C-D crossover. However, in TPO the A-B crossover passes beneath the C-D crossover, which is characteristic of short-chain cytokines. The antiparallel ␤-strands formed by the crossovers and the small BЈ helix in the A-B crossover are also more characteristic of short-chain than long-chain cytokines. The structural similarities and high degree of sequence homology between TPO and EPO stand in contrast to their exquisite specificity for their receptors. This structure may then be a guide for designing and interpreting mutagenic experiments and is an important step forward in designing TPO variants and fragments that will be efficacious therapeutics for thrombocytopenia.
TN1 Recognition Epitope. The antibody recognition epitope (Fig.  3) consists of residues from the C-terminal end of helix C (R98) and the C-D crossover loop (residues 102-115) and residues from the C-terminal half of helix B (residues 57-61). This result, which was in good agreement with the analysis of its interaction with proteolytic fragments of hTPO, localized the neutralizing epitope within residues 60-117 (27) . The change in accessible surface area for complex formation is 799 Å 2 for hTPO 163 and 777 Å 2 for TN1. The interactions consist of nine apparent hydrogen bonds but no apparent bridging water molecules. One notable hydrophobic contact occurs among TPO P113 and light chain Y48 and heavy chain L104. The most striking feature of the interface is the interaction of the species-invariant residue Q111, which inserts in a sandwich-like manner between the indole rings of W33 and W101 of the Fab heavy chain to form a hydrogen bond with the backbone carbonyl of W33. Fig. 4 . Sequence alignment of TPO and EPO from various species. EPO-EPOR site 1 (OE) and site 2 (ᮀ) contacts are indicated as described by Syed et al. (22) , except for R10 (s), which contacts both EPOR monomers in the complex. Mutagenic data for TPO (42) (43) (44) (45) and EPO (46, 54 -56) are summarized in a general way with important (E) and critical (F) residues indicated. Secondary structures for TPO and EPO (41) are also indicated for reference.
Interaction Between TPO and c-Mpl in the Absence and Presence of the TN1-Fab. The hTPO 163 -c-Mpl interaction and the neutralizing effect of TN1 were explored by isothermal titration calorimetry, and the results are summarized in Table 3 . To determine the stoichiometry for the hTPO 163 -c-Mpl interaction, a soluble fragment of c-Mpl from residues 1-450 was titrated by hTPO 163 . The titration reaction exhibited two phases. The data were analyzed by assuming that the binding stoichiometry between hTPO 163 and c-Mpl was 1:2. Two distinct association sites were found with the constants of 3.3 ϫ 10 9 M Ϫ1 and 1.1 ϫ 10 6 M Ϫ1 , which appear to correspond to the expected high-affinity and low-affinity CRH-binding sites. It was concluded that hTPO 163 interacts with soluble c-Mpl containing the extracellular CRH domains in a 1-to-2 manner with differing affinities [high affinity (nanomolar range) and low affinity (micromolar range)] to the same cytokine recognition surface of the CRH domain.
In a second set of experiments, hTPO 163 (120 M) was preincubated with the same amount of TN1-Fab and was used to titrate the soluble c-Mpl fragment. The binding stoichiometry in this experiment was 1:1, and only a single association constant of 1 ϫ 10 8 M
Ϫ1
, corresponding to the high-affinity CRH association constant, was observed. This confirms the observation from the crystal structure that the binding of TN1 to hTPO 163 occludes the low-affinity CRH-binding site. The fact that the association constant of hTPO 163 and TN1 is Ϸ10
, whereas that of c-Mpl at the low-affinity site is Ϸ10 6 M
, explains the strong neutralizing activity of TN1-IgG.
Discussion
The TPO-TN1 interaction was exploited in crystallization of hTPO 163 in complex with a Fab derived from TN1, and the Fab portion of the crystal allowed us to solve the structure from a single data set. The refined partial model including only the TN1-Fab provided enough phase information to reveal clear unbiased electron density for hTPO 163 . The tertiary structure of the hTPO 163 -TN1-Fab complex provided insight not only into the biological function of TPO but also into neutralizing activity of TN1 and the activation of c-Mpl.
Interpretation of Previous Mutagenic Experiments from the TPO-Fab
Structure. Mutagenic experiments (42) (43) (44) (45) , along with sequence and structural comparison, allow further delineation of the structure-function relationships in TPO. EPO and TPO share 26 species of invariant residues as shown in Figs. 2 and 4. Of these, 13 species of invariant residues (L12, P42, W51, A60, L69, L70, L86, L104, L107, F128, L135, G137, and K138) are buried in the hydrophobic core of TPO, suggesting that they are important determinants of the structural frame. The invariant region consisting of L135, R136, G137, and K138 induces the distinct Ϸ20°bend in helix D of TPO, which is also observed in both the NMR and crystallographic structures of EPO, suggesting that this bend is another important aspect of the cytokine's structural frame.
Among the remaining residues, candidates for determinants of specificity for c-Mpl should include those residues that are invariant among known TPOs. Discounting residues that are buried in the hydrophobic core, the set of remaining candidates comprises 24 residues that fall into two distinct clusters corresponding to the proposed high-and low-affinity receptor interaction sites (blue and green in Fig. 5 ). The first cluster comprises 13 residues (V44, D45, F46, S47, L48, E50, A126, L129, Q132, H133, R140, F141, and L144). The second cluster comprises 11 residues (K14, R17, G91, Q92, S94, G95, L99, L101, G102, A103, and Q105). R10 is the only residue in EPO that interacts with both copies of the CRH domain in the 2:1 complex and is also a sequence invariant residue in TPO. The fact that the second cluster overlaps the recognition site of TN1-Fab and that the Fab binding to TPO did not affect the higher-affinity binding to CRH indicates that TN1-Fab only blocks the weaker receptor-binding site of TPO, resulting in prevention of the homodimerization of the TPO receptor.
Implications for the Mechanism of Signal Transduction by c-Mpl.
Sequential dimerization mechanisms, in which a 1:1 receptorcytokine complex is formed initially by means of site 1 followed by binding of a second receptor by site 2, have been proposed for activation of both the EPOR (46) and hGHR (47, 48) based on biochemical and mutagenic data. However, this hypothesis seems to be overthrown, for EPOR at least, by crystallographic and biochemical evidence (49, 50 ) that unliganded EPOR predimerizes by its CRH domain in a signaling-incompetent conformation in which the intracellular domains of the receptor are held far enough apart to prevent autophosphorylation. Binding of EPO induces a reorientation of the receptor dimer to a signaling-competent conformation. This discovery raises interesting questions about the stoichiometry and manner of binding of TPO to the two CRH domains of c-Mpl.
The structural and titration calorimetric data presented here demonstrate that TPO possesses both low-affinity and highaffinity CRH-binding sites, as do EPO and hGH, and that the soluble extracellular region of c-Mpl containing the proximal and distal CRH domains forms a 2:1 complex with TPO. This is consistent with the current models for hematopoietic receptor activation. Recent studies demonstrate that the membranedistal, but not the membrane-proximal, CRH domain of c-Mpl is a receptor domain for TPO. Binding of radioactively labeled TPO to BaF3 cells expressing mutants of murine c-Mpl was abolished when the distal CRH domain was either deleted or replaced with a second copy of the proximal CRH domain (51) . These studies also showed that BaF3 cells expressing these c-Mpl mutants grew constitutively even in the absence of TPO, indicating that the membrane distal CRH domain also functions to inhibit autophosphorylation in the absence of TPO. The distal CRH domain therefore appears to fulfill both functions implied by the ligand-induced conformational change model of receptor activation (49, 50) . The lack of any detectable interaction between hTPO and the proximal CRH domain leaves open the interesting possibility of another as-yet-unidentified cytokine ligand for c-Mpl, although experimental evidence to date strongly supports that TPO is the only c-Mpl ligand (52) . 5 . Determinants of specificity of TPO for c-Mpl. Residues that are invariant within the TPO family but not conserved in the EPO family are proposed to confer specificity to the TPO-c-Mpl interaction. These residues fall into two distinct clusters corresponding to the proposed high-affinity (blue) and low-affinity (green) receptor interaction sites. Residues that are invariant in the TPO͞EPO family are shown in black.
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